Morphactin, methyl 2-chloro-9-hydroxyfluorene-9-carboxylate (IT 3456), is a synthetic growth regulator with a unique action affecting various morphogenetic and physiological processes in plants, and has been characterized as a specific inhibitor of auxin polar transport. Morphactin applied at the last internode in decapitated shoots of Bryophyllum calycinum substantially stimulated elongation and thickening of the internode. Benzyladenine applied alone little affected stem elongation and thickening. Simultaneous application of benzyladenine and morphactin showed a synergistic effect on thickening, while it did not on elongation. These results suggest that morphactin translocated basipetally from the top of the treated internode inhibits auxin polar transport from the internode, resulting in the accumulation of endogenous auxin for elongation and thickening in the treated internode of decapitated shoots of Bryophyllum calycinum.
INTRODUCTION
Morphactins, consisting of methyl 2-chloro-9-hydroxyfluorene-9-carboxylate (morphactin IT 3456) and its derivatives, are synthetic growth regulators with a unique kind of action that greatly affects various morphogenetic and physiological processes in plants (S c h n e i d e r , 1970). Since morphactins have been characterized as specific inhibitors of auxin polar transport (K h a n , 1967; K r e l l e and L i b b e r t , 1968; T o g n o n i and A l p i , 1969; P a r u p s , 1970; S c h n e i d e r , 1970; N a q v i , 1972; B r i d g e s and W i l k i n s , 1973; K a l d e w e y et al. 1973 ; G a i t h e r 1975; G a g i a n a s and B e r g , 1977; K a t e k a r and G e i s s l e r , 1980; T a m i m i and F i r n , 1985), the mode of action of morphactins to influence various morphological processes in growth and development has been considered to be closely related to auxin.
A morphactin-related compound, 9-hydroxyfluorene-9-carboxylic acid (HFCA), has been reported to show the unique physiological effect on flower formation in Arabidopsis thaliana. The pin-formed and pinoid mutants in Arabidopsis, which are flower mutants normally showing a unique structure with no flower in the inflorescence axis, have been shown to have reduced activity of auxin polar transport in the inflorescence axis (O k a d a et al. 1991 ; U e d a et al. 1992 ; B e n n e t t et al. 1995; O k a et al. 1998) , and that the application of HFCA as well as N-(1-naphtyl) phtalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA) to the wild type of Arabidopsis induced malformations mimicking the pin-formed mutant (O k ad a and S h i m u r a , 1994; O k a et al. 1999 ). Compression wood, which is normally produced on the lower side of inclined stems and branches as a response to normal gravitropic conditions in vertically growing shoots of various coniferous (gymnosperm) species, was induced by the application of morphactins. The morphactin-induced compression wood is probably caused by the differential redistribution or accumulation of endogenous auxin (indole-3-acetic acid: IAA) between the lower and upper sides of branches in the affected part of the shoot (W e s t i n g , 1965, 1968; S m o l i ń s k i et al. 1972, 1973 ; P h e l p s et al. 1974, 1977 ; Y a m a g u c h i et al. 1983 ), since the application of IAA resulted in compression wood formation. The formation of tension wood, which is produced on the upper side in inclined stems and branches of angiosperms as a response to natural gravitropic conditions, on the upper side of bent shoots of Aesculus hippocastanum was inhibited by morphactins. The pattern of wood differentiation was changed, altering it to favor vessel-type cell formation (S m o l i ń s k i et al. 1974 ). It has also been reported that morphactins dispensed through the shoot apex induced diverse malformations in various species of Kalanchoe, the effect being freely transmitted to newly emerging axially branches as well as across leaf lamina differentiating epiphyllous buds (S a w h n e y and M a h a j a n , 1995). These results mentioned above support the possible mode of action of morphactins to influence various morphogenetic processes in growth and development that are closely related to auxin transport.
Morphactins have been found to influence photo-and gravitropic responses (K h a n , 1967; S c h n ei d e r , 1970) in which auxin transport is essential for differential distribution of auxin resulting in differential cell elongation as well. In tulips, stem growth induced by IAA (0.1%, w/w in lanolin) applied on the top internode after excision of the flower bud and removal of all leaves was greatly inhibited by morphactin IT 3456 (0.2%, w/w in lanolin) applied on the 4 th , 3 rd , 2 nd , and 1 st internode. The inhibitory effect of morphactin promoted by IAA was restored by additional application of IAA below the place treated with morphactin. Morphactins also inhibited the growth of all internodes induced by the flower bud in the absence of leaves (S a n i e w s k i et al. 1999 ). On the other hand, recently we have also found that morphactins applied above the 3 rd internode substantially induced the growth of the 4 th internode in decapitated tulips and that there was significant accumulation of IAA in the 4 th internode (Ueda et al. 2012 ). These results suggest that morphactins influence cell elongation of stems by affecting auxin distribution in stems.
In the present study, we report that morphactin (morphactin IT 3456) substantially stimulated elongation and great thickening of the last internode in decapitated plants of Bryophyllum calycinum, most probably through inhibiting auxin polar transport to the lower part of the shoot. Since the synergistic action of morphactin with endogenous auxin and cytokinins on cambial activity has been suggested (S a n i e w s k i et al. 1977) , simultaneous application of cytokinin with morphactin was also examined. The possible role of morphactins to induce elongation and great thickening of stems is discussed.
MATERIALS AND METHODS
Two to three month-old plants of Bryophyllum calycinum Salisb. propagated from epiphyllous buds arising in the marginal notches of the excised leaves were used for the experiments (Fig. 1 a) . The apical part of growing plants was excised below the second node from the apex and treated with lanolin in the place of the removed shoot. Then, the following treatments with lanolin paste were made near the top of the decapitated growing plants as a ring about 2 mm wide: lanolin only (control), morphactin (morphactin IT 3456) 0.2%, w/w, benzyladenine 0.2%, w/w, and a mixture of morphactin and benzyladenine at the same concentrations as applied alone. Every experiment was repeated three times with a minimum of 10 plants in each treatment. During the duration of the experiments, measurements were made of the length and thickening of treated internodes and below treated internodes.
For histological observation of the shoots, pieces of 5 mm in length were cut off from the middle of the highest internode in decapitated plants 20 days after chemical treatments. Both for control and treated material, tissues were obtained from 5 shoots. The material was fixed in chromic acid-acetic acid-formalin (CrAF) solution for 24 hours at room temperature, dehydrated through alcohol series and embedded in paraffin. Transverse sections, 8 μm thick, were cut with a rotary microtome (Leica, Germany) and stained with safranine-fast green. The sections were mounted in Canada balsam and observed under a light microscope (Microphot -FXA, Nikon, Japan). The selected sections were photographed with a camera attached to the microscope on Fujicolour 100 ISO negative film. Table 1 show the effect of morphactin IT3456 (morphactin) and cytokinin on shoot growth of decapitated Bryophyllum calycinum. It was found that in the decapitated shoot of Bryophyllum calycinum on August 11 the length of the last internode did not elongate more in control until October 12, but sprouting of axillary buds was visible ( Fig. 1 a, b) . The application of cytokinin insted of cytokinin, benzyladenine affected little the length of the last internode as well as sprouting of axiallry buds (Fig. 1 c; Table 1) .
RESULTS
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On the other hand, after treatment of the last internode with morphactin or the mixture of morphactin with benzyladenine the elongation of the internode was observed ( Fig. 1 c, e; Table 1), although no additive or synergistic effect on stem elongation was observed. The treatment with morphactin or the mixture of morphactin with benzyladenine induced strong thickening of the treated internode, the morphactin-induced thickening being slightly but significantly stimulated by the simultaneous application of benzyladenine (Table 1) . The diameter of the morphactin-treated internode was ca. 180% of the control. Figure 2 shows the histological study of the effect of morphactin on shoot growth of decapitated Bryophyllum calycinum. Shoots of control plants were characterized by the presence of a ring of vascular tissue with xylem and phloem separated by a cambial zone (Fig.  2a) . The cortex and pith contained large, vacuolated parenchyma cells. Compared with the control, the material treated with morphactin at 0.2%, w/w had a significantly wider cambial zone and a zone of secondary xylem, resulting in thickening of the internode (Fig. 2b, c) . 
DISCUSSION
Since morphactins have been characterized as specific inhibitors of auxin polar transport, it is possible that morphactins interfere with many processes in plant growth and development relating to auxin polar transport. As shown in Figure 1 and Table 1 , elongation growth of the last internode in a decapitated shoot of Bryophyllum calycinum was substantially stimulated by the application of morphactin IT3456 (morphactin). The mode of action of morphactin stimulating the elongation of internodes in Bryophyllum calycinum is unclear yet. However, the stimulatory effect of morphactin on compression wood formation and the inhibitory effect on tension wood formation seem to be caused by some inhibitory action of morphactin on longitudinal and transverse transport of endogenous auxin as well as by a synergistic action of morphactin with endogenous auxin and cytokinins on cambial activity (S a n i e w s k i et al. 1977) . Recently, we have found that morphactin significantly stimulated the growth of the 4 th internode in growing tulips after removal of the flower bud when it was applied above the 3 rd node or on the top of the 4 th internode via inhibiting auxin polar transport from the 4 th internode to the lower internodes (U e d a et al. 2012) . A significant accumulation of endogenous levels of IAA in the 4 th internode after treatment with morphactin has also been demonstrated (U e d a et al. 2012) . Morphactin is believed to be translocated in plants basipetally as well as acropetally through both sieve tubes and xylem elements (N e u m a n n et al. 1977 ; S u n d b e r g et al. 1994 ). It has been demonstrated that morphactin and some other auxin transport inhibitors induced parthenocarpy in cucumber by rapidly blocking the natural outward flow of auxin from the ovary, thereby resulting in an accumulation of auxin within the ovary sufficient to trigger parthenocarpy (B e y e r and Q u e b ed e a u x , 1974). Further study is required to determine endogenous levels of IAA in decapitated shoots after treatment with morphactin in Bryophyllum calycinum.
As shown in Figure 2 , morphactin treatment significantly induced histological changes such as a wider cambial zone and wider zone of secondary xylem. al. 1977 ), when applied as a bark band, the thickening being considered to be mostly associated with the stimulation of cambial activity. These facts suggest that the drastic increase in the diameter of the internode treated with morphactin in Bryophyllum calycinum is due to an increase in cambial activity resulting in wider cambial zone and wider zone of secondary xylem.
It has been reported that morphactin increased the cambial activity and irregular differentiation of xylem elements in Sterculia urens Roxb. (Malvaceae) (P a t e l and S e t i a , 1979). Morphactin treatments have been reported to increase stem diameter of guayule (Parthenium argentatum) (D i e r i g and B a c k h a u s , 1990), Pinus radiata, Eucalyptus globules and olives (B a c k h a u s et al. 1976; D o s s et
As mentioned above, the stimulatory effect of morphactin on compression wood formation and the inhibitory effect on tension wood formation are probably caused by the synergistic action of morphactin with endogenous auxin and cytokinins on cambial activity (S a n i e w s k i et al. 1977 ). In the internodes of Bryophyllum calycinum, benzyladenine alone had a little effect on thickening, while together with morphactin it slightly but significantly enhanced the thickening of the internode (Table 1) . This suggests that the morphactin-induced increase in cambium activity and the stimulation of internode elongation in Bryophyllum calycinum are mainly controlled by the accumulation of endogenous IAA.
The cambium in the treated material consisted of many layers of irregular cells with well visible nucleoli. The walls of many cambial cells were destroyed, which may be an artifact caused by treatment of the fixation procedure. Cambial derivatives on the xylem side could be divided into the expansion zone with layers of cells irregular in shape and the maturation zone and mature xylem whose cells were characterized by more regular, round shapes and thicker wall cells. The size of parenchyma cells and the number of layers in the cortex and pith seemed to be unchanged, although no quantitative determinations were attempted.
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